Abstract Herein we characterize the Arabidopsis thaliana AtLOX1 and tomato (Solanum lycopersicum) LOXA proteins as linoleate 9S-lipoxygenases (9-LOX), and use the enzymes to test a model that predicts a relationship between substrate binding orientation and product stereochemistry. The cDNAs were heterologously expressed in E. coli and the proteins partially purified by nickel affinity chromatography using a N-terminal (His) 6 -tag. Both enzymes oxygenated linoleic acid almost exclusively to the 9S-hydroperoxide with turnover numbers of 300-400/s. AtLOX1 showed a broad range of activity over the range pH 5-9 (optimal at pH 6); tomato LOXA also showed optimal activity around pH 5-7 dropping off more sharply at pH 9. Site-directed mutagenesis of a conserved active site Ala (Ala562 in AtLOX1, Ala 564 in tomato LOXA, and typically conserved as Ala in S-LOX and Gly in R-LOX), revealed that substitution with Gly led to the production of a mixture of 9S-and 13R-hydroperoxyoctadecadienoic acids from linoleic acid. To follow up on earlier reports of 9-LOX metabolism of anandamide (van Zadelhoff et al. Biochem. Biophys. Res. Commun. 248:33-38, 1998), we also tested this substrate with the mutants, which produced predictable shifts in product profile, including a shift from the prominent 11S-hydroperoxy derivative of wild-type to include the 15R-hydroperoxide. These results conform to a model that predicts a head-first substrate binding orientation for 9S-LOX. We also found that linoleoyl-phosphatidylcholine is not a 9S-LOX substrate, which is consistent with this conclusion.
Introduction
The abundance of linoleic acid (C18.2x6) and linolenic acid (C18.3x3) in higher plants coincides with the occurrence of multiple lipoxygenase (LOX) enzymes that specifically oxygenate these polyunsaturated fatty acids. Linoleic acid has only two available positions for LOXcatalyzed oxygenation, at C-9 or C-13, and all LOX activities in plants target one position or the other, or both. Although LOX activities abound in plant tissues, and LOXencoding genes have been identified in dozens of plant species, the positional specificity of the vast majority of plant LOX genes remains to be determined [1] . One issue addressed here concerns the identification of a specific 9-LOX gene in Arabidopsis (AtLOX1) and tomato (LOXA). An accompanying manuscript by Andreou et al. [2] details a 9-LOX characterization from potato.
Currently there is no direct evidence showing how LOX enzymes catalyze their specific oxygenations [3] . The amino acid sequences in the gene family are well conserved, indicating that in general terms the arrangement of the catalytic machinery is conserved. A single atom of non-heme iron is held in place by well-conserved amino acid ligands comprised mainly of histidines and the carboxyl group of the C-terminal amino acid, usually an isoleucine. Within this conserved structural framework, individual LOX enzymes are known to oxygenate at specific positions on the fatty acid and in either the R or S stereoconfiguration. To accommodate all the known activities within the well conserved enzyme structures, one of the variables proposed in individual enzymes is a change in the head-to-tail orientation of the bound fatty acid substrate. This was proposed originally in 1972 as the logical explanation for how corn 9S-LOX and soybean 13S-LOX abstract the 11R and 11S hydrogen respectively from linoleic acid in forming their 9S-HPODE and 13S-HPODE products (Fig. 1a) [4] . Other lines of circumstantial evidence point to 13S oxygenation being associated with the ''tail-first'' mode of fatty acid binding. For example, 13-LOX can oxygenate very large esters such as linoleoylphosphatidylcholine in the same way as free linoleic acid (e.g., ref. [5] ). This suggests that 13S oxygenation involves tail-first entry of the fatty acid into the active site, as it is hard to imagine a carboxyl esterified to phosphatidylcholine entering the LOX active site.
Substrate binding orientation in 9S-LOX has been deduced in different ways in the literature. In contrast to the earlier conclusion of carboxyl-first substrate binding (Fig. 1a) [4] , two separate observations lead logically to a contrary conclusion [6, 7] . The first relates to a known activity of several plant 9-LOX, namely that the main product of arachidonic acid oxygenation is the 5S-hydroperoxide. van Zadelhoff et al. [6] reported that when arachidonate ethanolamide (anandamide) is metabolized by purified barley or tomato 9-LOX, the main specific oxygenation produces the 11S-hydroperoxide. This suggests that the carbon chain has slipped into a different alignment in the active site, and given the presence of the bulky anandamide moiety at the carboxyl end, it is hard to see why this would force the fatty acid deeper into the active site. Therefore, the investigators drew the opposite conclusion, that the fatty acid binds tail-first in 9-LOX [6] . Butovich and Reddy observed that 1-linoleoyl-glycerol is metabolized similarly to linoleic acid by potato 9-LOX (to the 9-hydroperoxide), and as this would seem to be incompatible with carboxyl end-first binding, they also came to the logical conclusion that the fatty acid substrate binds tail-first in 9-LOX.
Herein we address the issue of substrate binding in 9-LOX by testing a model that predicts reaction specificity and the formation of R or S configuration products in LOX enzymes [8] . A single active site amino acid was found to exert a major influence over R or S oxygenation [9] . This key determinant is conserved as an Ala in S lipoxygenases and a Gly in R lipoxygenases. An Ala allows oxygenation deep in the active site cavity and gives S-hydroperoxides while a change to Gly switches the position of oxygenation across the face of the reacting pentadiene and gives Rhydroperoxide stereochemistry. The model predicts that linoleic acid 9S-LOX (which naturally have Ala in the key position), should switch to forming 13R-hydroperoxide after the appropriate Ala-to-Gly mutation (see Fig. 1b ). Stereospecific hydrogen abstraction and specific oxygenation of linoleic acid retain the same spatial relationship in corn 9-LOX and soybean 13-LOX if the substrates adopt reversed orientations in the respective enzyme active sites. Adapted from ref. [35] . Panel b: A drawing in perspective illustrating potential oxygenation of linoleic acid at each end of the pentadiene. Note that 9S and 13R oxygenations are on the same face of the molecule, and 9R/13S on the other face. Adapted from ref. [3] Given that the model fits with many different LOX enzymes with different predicted orientations of fatty acid binding, the model is also only compatible with the carboxyl end-first substrate orientation in plant 9-LOX.
Experimental Procedures

Materials
Fatty acids were purchased from NuChek Prep Inc. (Elysian, MN). [1- 14 C]linoleic, and [1-14 C]arachidonic acids were purchased from Perkin Elmer Life Sciences. Standards of racemic HPODEs and HODEs were prepared by vitamin E-controlled autoxidation [10] . 9S-H(P)ODE was prepared using the 9-LOX activity in potato tuber extracts, and 13S-H(P)ODE using soybean lipoxygenase (Sigma type V) [11] . 1-Palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (C 16 /LA-PC) and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidylcholine (C 16 /AA-PC) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Construction of Expression Vectors
A full-length AtLOX1 cDNA [12] as kindly provided by Dr. Kaye Peterman (Wellesley College). A PCR-based strategy was used to construct an expression vector for production of AtLOX1 with an N-terminal (His) 6 -tag. Forward and reverse primers that amplify the cDNA contained NdeI and XhoI restriction sites, respectively. The sequence of the forward primer was 5 0 -GGAATTCCATA TGTTCGGAGAACTTAG-3 0 and that of the reverse primer 5 0 -CCGCTCGAGTCAGATAGAGACGCTATTT-3 0 . PCR amplification of AtLOX1 yielded a 2.7-kb product that was subsequently cut with NdeI and XhoI and subcloned into the same sites of the expression vector pET-14b (Novagen, Madison, WI). The resulting construct produced a (His) 6 -tagged AtLOX1 protein in which 20 amino acids (MGSSHHHHHHSSGLVPRGSH) were added to the initiator Met of the LOX1 enzyme. This construct was introduced into E. coli host strain BL21 (DE3) for protein expression.
The tomato (Solanum lycopersicum) LOXA cDNA was obtained by RT-PCR using an Enhanced Avian RT-PCR kit (Sigma Aldrich). The reverse transcription reaction contained 2 lg of total RNA isolated from 9-day-old tomato seedlings (cv. Castlemart) and an oligo (dT) 23 primer. The PCR reaction was performed with LOXA-specific primers 5
0 -CGGGATCCATGTTAGGTGAACTTGTGGG TG-3 0 and 5 0 -CCGAGCTCACATGTGTACTCAAAACTC TTC-3 0 , which included BamHI and SacI restriction sites, respectively. The resulting PCR product was cloned into BamHI and SacI sites of pBlueScript. The nucleotide sequence of this tomato cDNA exactly matched the tomato LOXA sequence (GenBank accession number U09026) reported by Ferrie et al. [13] .
A PCR-based strategy was used to construct an expression vector for production of an N-terminally (His) 6 tagged LOXA enzyme. Following amplification with primers 5 0 -CGGGATCCGGTGGGTGGATTAATTGGTG-3 0 and 5 0 -CGGGATCCCTATATTGACACACTGTTT-3 0 , this PCR fragment was cloned into the BamHI site of pET14b. The N-terminal amino acid sequence of the resulting (His) 6 -tagged LOXA enzyme is MGSSHHHH HHSSGLVPRGSHMLEDPVGGL. The subcloning procedure resulted in a three amino acid change (GLD ? EDP, underlined) in the N terminus of the native LOXA protein.
Expression of Recombinant LOX in E. coli
Wild-type and mutant LOX were expressed in E. coli BL21 (DE3) as (His) 6 -tagged proteins using the protocol described for coral 8R-LOX [14] with the following modifications. The expressed proteins were recovered using Bugbuster (Novagen) with added 1 ll/ml Benzonase (Novagen) and 1 mM PMSF. The supernatants were purified on Ni-NTA agarose (Qiagen) according to manufacturer instructions. Fractions collected from the affinity column were assayed by SDS/PAGE and fractions containing recombinant lipoxygenases were dialyzed against 50 mM phosphate pH 7.0, 150 mM NaCl buffer containing 20% glycerol.
Fractions of 0.5 ml were collected from the affinity column and 10 ll aliquots analyzed using SDS-PAGE. Protein was determined using the Bio-Rad protein assay with bovine serum albumin as standard. Fractions containing the highest concentrations of protein were pooled and dialyzed against a buffer of 50 mM Tris (pH 7.5), 300 mM NaCl to remove imidazole.
Quantitation of LOX Protein
The LOX proteins were quantified using a specific in-gel assay in which the LOX band on a stained SDS-PAGE gel is compared in intensity to the protein bands in a series of quantified albumin standards run in other lanes. Aliquots of the dialyzed protein from the Ni-NTA column were run on a 20-4% SDS-PAGE gel, and a second gel was run with aliquots of bovine albumin in concentrations ranging from 0.25 to 15 lg. The gels were stained with Bio-Safe Coomassie stain (Bio-Rad) and rinsed repeatedly with water. The protein bands at *97 kDa representing the LOX protein were then quantified with the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE), using the known amount of protein in the BSA bands to generate a standard curve.
Site Directed Mutagenesis
Site directed mutagenesis of AtLOX1 and LOXA was performed using the QuikChange Ò site directed mutagenesis kit (Stratagene) using overlapping mismatching oligonucleotides as primers designed according to the manufacturer's instructions. The His-tagged Arabidopsis AtLOX1 and tomato LOXA in the pET14b expression vector were used as templates. The primer sequences (55-mers) were, for Arabidopsis LOX1, 5 0 -GTGATACGA TGAATATCAATGCACTTGGTAGGCAAATCTTGATC AATGGTGGTGG, and 5 0 -CCACCACCATTGATCAAG ATTTGCCTACCAAGTGCATTGATATTCATCGTATC AC, and for tomato LOXA, 5 0 -GGGACACAATGAATA TTAATGCTTTGGGAAGACAGATCCTAATCAATGCT GGTGG, and 5 0 -CCACCAGCATTGATTAGGATCTGT CTTCCCAAAGCATTAATATTCATTGTGTCCC. PCR reactions and transformation of Escherichia coli XL1-Blue cells were performed according to the manufacturer's instructions (Stratagene). Correctly mutated clones were identified by DNA sequencing.
Enzyme Reactions, Incubation and Extraction
Enzymatic activity of the Nickel column-purified enzymes was determined by monitoring the increase of the signal at 235 nm using a Perkin-Elmer Lambda-35 UV-Vis spectrophotometer. Rates of reaction were calculated from the initial linear part of the curve. Rates at varying pH values were compared using 50 lM linoleic acid with phosphate buffers (pH 5.0, 6.0. 7.0 and 8.0) and borate buffer (pH 9.0). Products from reaction at pH 6 were extracted without pH change into dichloromethane or using a 1 ml Oasis HLB cartridge (Waters).
Incubations with anandamide were conducted in 1 ml of 100 mM sodium phosphate (pH 6) using 2 lg of LOX protein; anandamide (50 lM final concentration) was added in 5 ll ethanol. After a 5 min incubation at room temperature, the reactions were extracted using a 1-ml Oasis HLB cartridge (Waters).
Incubations with C 16 /C 18.2 -phosphatidylcholine were conducted at pH 7.5 in the presence of sodium deoxycholate (final concentration, 4 mM) to help solubilize the substrate. The reactions were extracted using the Bligh and Dyer procedure [15] then transesterified using sodium methoxide [5] and the methyl esters subsequently analyzed by normal phase HPLC.
HPLC Analysis
Reaction products of the two LOX enzymes and mutants with [1- 14 C]linoleic acid or [1-14 C]arachidonic acid were analyzed on an Agilent 1100 HPLC equipped with a diode array detector connected online to a Radiomatic FLO-ONE A-100 radioactive detector. Straight-phase HPLC analysis used a Beckman Ultrasphere silica column (25 9 0.46 cm) eluted at a flow rate of 1 ml/min with hexane/isopropanol/ acetic acid (100/2/0.1, v/v/v) with UV detection at 205, 220, 235 and 270 nm. Reversed-phase HPLC used a Waters Symmetry C18 5-lm column eluted at 1 ml/min with a solvent of methanol/water/acetic acid (80/20/0.01, v/v/v), and finally with methanol to elute unreacted substrate. Chiral analysis was performed on HODE methyl esters using a Daicel Chiralpak AD column (25 9 0.46 cm) eluted with hexane/methanol (100/2, v/v) at a flow rate of 1 ml/min, with UV detection at 235 nm [16] .
Results
Expression and Purification
The cDNAs in the bacterial expression vector were prepared with an added N-terminal (His) 6 -tag as described in Methods. The two LOX enzymes expressed well in E. coli (2-5 mg LOX protein per 100 ml culture) and were partially purified by nickel affinity chromatography (Fig. 2) . The Arabidopsis Ala562Gly mutant expressed at lower levels, although sufficient for evaluation of its activity and for analysis of products. In other SDS-PAGE analyses in which the LOX protein band was not overloaded (in contrast to Fig. 2) , each LOX protein band at *97 kD was quantified by in-gel assay (Odyssey Imaging Systems, see ''Methods''), and this specifically quantified LOX protein was used in the calculation of activity turnover numbers.
Catalytic Activity and pH-Activity Profile
The pH dependence of AtLOX1 reacting with linoleic acid as substrate showed very similar rates over the pH range of 5-9, maximal at pH 6 (310 turnovers/s). For tomato LOXA activity was optimal around pH 6 (390 turnovers/s) and coli. The mutants refer to the AtLOX1 Ala562Gly and tomato LOXA Ala564Gly mutants. The three lanes for each sample represent aliquots (10 ll) from the first three 0.5 ml fractions collected from the nickel NTS column purification. Proteins were detected using Coomassie staining. MW molecular weight was maintained at least 30 and 15% of this optimal activity at pH 8 and pH 9, respectively. SP-HPLC analysis of the products from linoleic acid at pH 6 showed that 9S-HPODE accounted for over 95% of the products of both enzymes (Table 1; Figs. 3a, 4c) . a-Linolenic acid reacted at similar rates and similarly formed almost exclusively the 9-hydroperoxide. For comparison to the reactions at the optimal pH 6, the distribution of products from a reaction with linoleic acid conducted at pH 9 was also analyzed by SP-HPLC. Remarkably, the product pattern was indistinguishable from the reaction products at pH 6, i.e., 9S-HPODE accounted for [95% of the products (data not shown). This is in contrast to the properties of soybean LOX-1, which is specific for 13S oxygenation at its optimal pH 9-10, but changes at lower pH (pH 6 or 7) to producing a mixture of 9-and 13-hydroperoxide products with both trans-trans and cis-trans conjugated dienes [17] .
Effects of Active Site Ala-Gly Mutation
By alignment with other LOX enzymes, the residue equivalent to the Ala that has a major influence on reaction stereospecificity [9] is Ala562 in Arabidopsis 9-LOX and Ala564 in tomato 9-LOX. This Ala was changed to Gly by site-directed mutagenesis and the expressed enzymes were reacted with linoleic acid. Following reduction of the hydroperoxides, two similar-sized peaks of hydroxy product were obtained by normal phase HPLC (Fig. 3b) , identified as 13-HODE and 9-HODE by co-chromatography with standards and by their characteristic identical UV spectra with lambda max 234 nm (cf. ref. [18] ). Chiral analysis showed the two products were almost purely the 13R-HODE and 9S-HODE enantiomers, respectively (Fig. 4d, e) .
Arachidonic Acid Metabolism Plant 9-LOX tend to form a mixture of chiral hydroperoxides when arachidonic acid (an unnatural substrate for a plant) is used as substrate (e.g., ref. [19, 20] ). 9-LOX purified from potato tubers and one of the recombinant potato LOX isozymes give 5S-HPETE as the major hydroperoxide [21, 22] . Some other plant 9-LOX are reported to give 11S-HPETE as the major product [23] . As measured by the radioactive products formed from [ 14 C]arachidonic acid (after NaBH 4 reduction of the HPETEs to HETEs), we found that AtLOX1 formed 11-HETE as the major product (accounting for 47% of the total HETEs), together with half as much 5-HETE (23%), and in order of abundance also 9-HETE (11%), 12-HETE (9%), and 8-HETE and 15-HETE (4.5% each). Tomato LOXA formed 11-HETE and 5-HETE in essentially equal amounts (38-39% each), and also 8-HETE (11%), 12-HETE (4%), 15-HETE (3%) and 9-HETE (2%). The pattern of hydroperoxide products for the tomato LOXA is similar to that illustrated previously for a 9-LOX purified from tomato [6] . We also found that the product profiles for each wild-type 9-LOX with arachidonic acid as substrate were essentially the same at pH 7 and 9; this contrasts with the results shown for a recombinant rice 9-LOX isozyme in which the 5-HPETE product almost disappeared at high pH [24] .
Catalytic Activity with Other Substrates
Our results using arachidonate ethanolamide (anandamide) as substrate with the two recombinant 9-LOX enzymes are summarized in Table 2 . The chiral analyses were performed after reduction to the hydroxy form, HANA, on a reversed-phase Chiralpak AD-RH column in which H(P)ETEs and their methyl ester derivatives are known to run with the R enantiomer eluting before the S enantiomer [25] . The same appeared to be true for anandamide derivatives, as confirmed using an authentic standard of 15S-HPANA prepared using soybean LOX-1, and from the fact that 11S-HPANA is the known product of purified 9-LOX from barley and tomato [6] . The most significant findings were that wild-type AtLOX1 converted anandamide mainly to 11S-HPANA (99.4% 11S, and accounting for 91% of the total HPANA products). The AtLOX1 Ala562Gly mutant formed 11S-HPANA (98.3% 11S) plus an additional prominent product, 15R-HPANA (93% 15R) in a 3:2 ratio in favor of 11-HPANA. Wild-type tomato LOXA also formed mainly 11S-HPANA (99.0% 11S, accounting for 71% of total HPANA products) plus 16% 5S-HPANA (89% 5S). The tomato LOXA Ala564Gly mutant formed two additional prominent products, 15R-HPANA (93% 15R, accounting for 34% of HPANA products) and 9-HPANA (19% of products). On chiral analysis the 9-HANA product chromatographed as one main peak with no definite minor enantiomer, so it was not possible to determine order of elution and infer chirality. We also tested 1-palmitoyl-2-linoleoylphosphatidycholine as a potential substrate for AtLOX1 using the bile salt deoxycholate as detergent, a condition that achieves reaction with plant 13-LOX [26] , coral 8R-LOX [9] , as well as several mammalian arachidonate 12-LOX and 15-LOX [27] [28] [29] [30] . However, we could detect no reaction with the recombinant 9-LOX, in agreement with a result reported for a purified tomato 9-LOX [20] . 
Discussion
The Arabidopsis genome contains six LOX genes (Table 3) and there are at least five LOX genes in tomato (Table 4) . Although tomato has long been used as a source of 9-LOX [31] , to our knowledge, the positional specificity, as determined by direct characterization of LOX reaction products, has not been reported for any recombinant Arabidopsis or tomato LOX. Our experimental analysis of purified recombinant AtLOX1 and tomato LOXA showed that both proteins function as specific linoleate 9-LOX.
This finding is consistent with phylogenetic analysis showing that AtLOX1 and tomato LOXA are closely related members of the plant LOX family (Fig. 5) , and further predicts that other members of this subgroup are 9-LOX as well. In an accompanying paper, Andreou et al. [2] characterize the activity of a related sequence from potato also as a linoleate 9-LOX.
The notion that AtLOX1 and tomato LOXA are homologous proteins is supported by similarities in their expression pattern. Both genes, for example, are expressed to relatively high levels in germinating seedlings [13, 32] . Our results thus support the hypothesis that 9-LOX activity plays a physiological role during the early stages of seedling growth. Plant 9-LOX has been implicated in a variety of developmental and stress-related processes [1, 33] . Recently, oxylipins derived from the 9-LOX pathway were shown to play a role in lateral root development and pathogen defense in Arabidopsis [34] . Our data are in agreement with the proposal by Vellosillo and co-workers that 9-LOX activity in Arabidopsis roots can be attributed to LOX1/LOX5 [34] .
Using the AtLOX1 and tomato LOXA we re-examined the debated issue of the mode of substrate binding orientation in the active site of 9-LOX, and how this relates to formation of specific chiral products. According to the model we outlined in the Introduction [35] , linoleic acid should bind with a carboxyl end-first orientation in the active site of linoleate 9S-LOX, the same conclusion as originally inferred from the hydrogen abstraction results of 1972 with corn 9S-LOX (cf. Fig. 1a ) [4] . The model predicts that the Ala-to-Gly switch in 9S-LOX should produce a new product, 13R-HPODE, formed on the same face of the molecule as 9S-HPODE (cf. Fig. 1b) . This is exactly what was observed (Figs. 3, 4 ; Table 1 ).
We also re-examined the 9-LOX metabolism of anandamide, and also the consequences of the Ala-to-Gly mutation on the distribution of products. As noted in the Introduction, purified barley and tomato 9-LOX were reported to convert anandamide mainly to 11S-HPANA (11S-hydroperoxyanandamide), in contrast to their products with arachidonic acid, which were largely 5-HPETE for barley 9-LOX and 5-HPETE/11-HPETE mixtures for tomato 9-LOX. And, because it appears that the additional functional moiety at the carboxyl end has pushed oxygenation further down the carbon chain, these observations were used to infer that the substrate binding orientation in plant 9-LOX is tail end-first [6] . Although this is a reasonable conclusion, we offer a different interpretation. Whereas van Zadelhoff et al. [6] placed an emphasis on the conversion of arachidonic acid to 5S-HPETE by the linoleate 9-LOX, we note that formation 11S-HPETE is equally common with several of the wild-type enzymes (cf. refs. [6, 20, 23] and the ''Results'' section above). With anandamide, the balance of oxygenation products tips in favor of 11S-HPANA and in some cases 5S-HPANA remains prominent. Significantly, the Ala-to-Gly mutation induces the formation of 15R-HPANA along with the 11S-HPANA, and 9-HPANA along with 5-HPANA (''Results'', Table 3 ). These new findings fit perfectly with the orientation model that predicts carboxyl end-first binding of the substrate. Admittedly, this will require the ''extra'' ethanolamide moiety at C-1 to be accommodated in the 9-LOX active site, but our surmise is that this is the most straightforward interpretation of the available data. Butovich and Reddy used the observation that linoleate 9-LOX can metabolize 1-linoleoyl-glycerol to the 9-hydroperoxide to propose the tail-first binding orientation [7] . As an extension of this conjecture, we tested 1-palmitoyl-2-linoleoyl-phosphatidylcholine and could find no reaction. While caution is warranted in interpretation of negative results, this lack of reaction classifies the linoleate 9-LOX along with other LOX enzymes that are predicted to exhibit carboxyl end-first binding and that show no reaction with very large phospholipid esters (arachidonate 8S-LOX and 5S-LOX) [9, 28] . (By contrast, all the LOX enzymes that have predicted tail-first substrate binding do react specifically with phospholipid ester substrates [5, 9, [26] [27] [28] [29] [30] ). Again, our interpretation is that the 9S-LOX active site can accommodate substrates with C-1 appendages of the size of ethanolamide or glycerol, and that overall, the carboxyl end-first binding is the most satisfactory model for oxygenations by linoleate 9S-LOX enzymes. Genome sequencing currently in progress (2008)
NS not specified Fig. 5 Phylogenetic tree of selected plant LOX enzymes. The enzymes include the six LOX in the Arabidopsis, the current five reported for tomato, ten soybean enzymes, and five sequences from potato. The enzymes studied in the present paper are shown in bold type. The asterisk marks a potato LOX studied in an accompanying paper [2] . GenBank accession numbers are shown
